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Abstract

:

Considering the influence of non-equibiaxial stress state and initial residual strain on the compressive buckling of the ceramic layer, a quantitative characterization method of the damage generated at the interface between the top coat and bond coat in thermal barrier coating based on uniaxial compression was developed. It was verified by the axial compression tests of the single crystal specimens with EB-PVD thermal barrier coating after undergoing various isothermal oxidation times and thermal cycles. On this basis, the correlations between the measured interfacial damage and the thermal loads experienced as well as the thickness of thermally grown oxide (TGO) were analyzed. The results show that the critical compressive strain inducing the spallation of thermal barrier coating at room temperature can effectively characterize the accumulation of interfacial damage caused by isothermal oxidation and thermal fatigue. Under the same TGO thickness, the damage caused by thermal fatigue is greater than that caused by isothermal oxidation. The total damage generated in thermal barrier coating can be divided into three parts: oxidatively driven damage related to TGO thickness, mechanically driven damage related to stress–strain cycles in the coating, and their interaction, where the interaction term is negative.
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1. Introduction


As an effective high-temperature protective technology, thermal barrier coatings (TBC) have been widely used in aero engines and gas turbines to protect the turbine blades, vanes, combustors, and nozzles from the hot gas stream by providing thermal insulation up to about 170 °C [1]. TBC can improve the overall performance and thermal efficiency of engines by allowing higher gas temperatures or a reduced cooling airflow at a given metal temperature, and/or extend the service life of components by reducing the metal temperature at a given cooling airflow [2,3,4,5,6].



A thermal barrier coating system including a ceramic top coat (TC), a metallic bond coat (BC), and a superalloy substrate is shown in Figure 1, which the TC is yttria-stabilized zirconia (YSZ) ceramic layer with low thermal conductivity and good high-temperature stability as heat insulation between the hot gas and the substrate superalloy. The BC, such as MCrAlY (M = Ni and/or Co) or PtAl, etc., is introduced to relieve the thermal expansion mismatch and to prevent oxidation corrosion of the underlying superalloy substrate. In the high-temperature environment, Al cation in the BC reacts with the oxygen passing through the TC to form a thin thermally grown oxide (TGO) at the ceramic–metal interface, which can prevent the further penetration of oxygen. Meanwhile, TGO is detrimental to the mechanical compatibility inside the coating system because its thermal expansion coefficient is much smaller than the adjacent TC and BC. Therefore, TGO would cause the TBC to spall when it grows to a critical thickness [7,8,9,10,11,12].



According to the fabrication processes of ceramic layers, TBC can be divided into air plasma spraying (APS) [13] and electron beam physical vapor deposited (EB-PVD) [14]. As shown in Figure 1, the ceramic layer of APS has a lamellar structure with high porosity and good heat insulation and is mainly used for high-temperature static structures such as turbine guide vanes, combustion chambers, and tail nozzles. The ceramic layer fabrication by the EB-PVD process has a good strain tolerance due to the “feathery” and columned micro-structure, which can effectively relieve the tensile stress in the ceramic layer at high temperature. EB-PVD TBC is mainly used in the case of extreme thermal–mechanical coupling loadings such as turbine blades.



Although the number and the severity of TBC applications have dramatically increased in the past few decades, premature spallation failure of TBC during service is still the overriding concern for both academic and engineering communities [15]. Once the TBC spallation occurred, the underlying substrate superalloy would be exposed to a high-temperature aggressive environment exceeding the design capacity of the material, which could result in overheating or fracture of the structure, seriously jeopardizing the safety, reliability, and economy of the engine. Accurate prediction of the service life of TBC to fully exploit their performance advantages and potential is essential to the development of prime reliant coatings and hot section component design, as well as to engine life management.



Damage refers to the deterioration of the mechanical properties caused by the initiation and propagation of microcracks in a material, also representing the degree of consumption of the service life of the material or structure. It has been experimentally shown that the damage of TBC is characterized by nonlinear accumulation, which is significantly different from that of conventional metallic materials, and the classical Miner linear damage accumulation theory is no longer applicable [16]. For TBC deposited by the EB-PVD process, the damage is concentrated in the interfacial region between the YSZ and the BC. The growth and coalescence of microcracks at the YSZ–TGO interface, at the TGO–BC interface, or in the TGO are the specific manifestations of damage accumulation [15]. The characterization of interfacial microcracks using optical and acoustic non-destructive testing methods is straightforward for TBC damage measurement.



Due to the differences in the thermal expansion coefficients of different layers of materials in TBC, the TGO is subjected to large in-plane biaxial compressive stresses during cooling, which reaches extreme values (−3 to −6 GPa) at room temperature [8], and the local fracturing of TGO or separation at the YSZ–TGO interface or TGO–BC interface causes the relaxation of the residual stress induced in TGO. Based on this principle, Nychka [17], Selcuk [18], Tolpygo [19], Sridharan [20], Wen [21], Lee [22], Busso [23], Rinaldi [24], and Manero [25] estimated the TGO residual stress by using the photostimulated luminescence piezo-spectroscopy (PLPS) technique to determine the R-line fluorescence frequency shift generated by the excitation of Cr3+ impurities in TGO and correlated the fluorescence spectral parameters or the average TGO stress evolution with the TBC interfacial damage. However, because of the TGO growth and rumpling, the PLPS-measured parameters relating to damage in the above methods show a complex nonmonotonic variation with the number of thermal cycles [18,21,25], which is inconsistent with the monotonically increasing process of damage accumulation.



The microscopic fracture process in the TBC is accompanied by the release of elastic stress waves, i.e., acoustic emission (AE). Based on the AE signal history of the coating during the loading process in conjunction with spectral analysis, Renusch [26] and Yang [27] proposed that parameters such as the cumulative AE signal energy, number of events, and amplitude could be used to evaluating the TBC damage. Due to the incremental nature of the cumulative AE signal, this method can describe the growth of damage under thermal and mechanical loads well. However, AE signals are susceptible to interference from many types of phenomena such as the opening and closing of adjacent YSZ columnar as well as the inelastic deformation of the substrate and BC [28,29,30,31].



From a mechanics point of view, the interfacial damage of the TBC actually causes a decrease in the bond strength (also known as the interface toughness, interface adhesion, or spalling resistance) between the YSZ and the BC, which provides a new approach for the measurement of interfacial damage in the coatings. Kim [32] and Song [33] tested the evolution of the interfacial bond strength of a TBC after different cyclic thermal loads using the pull-out method and preliminarily confirmed the feasibility of quantifying the interfacial damage accumulation by the decrease in the bond strength. However, the test results showed that the pull-out method caused the fracture of YSZ itself [32,33], and the obtained bond strength could not accurately characterize the mechanical properties at the “interface” between the YSZ and the BC, leading to additional errors in the evaluation of the interfacial damage.



The macroscopic spallation of a TBC occurs mainly during cooling and is essentially a buckling failure caused by in-plane compressive stress in the YSZ [8]. Courcier [34] and Remy [35] simplified the TBC spalling to an elastic buckling problem of a thin plate and characterized the interfacial bond strength with the critical strain, inducing the spallation of TBC under axial compression at room temperature. Compared with the traditional pull-out method, this compressive buckling method achieves the correlation between the macroscopic TBC spallation and the microscopic interfacial damage and is closer to representing the mechanism of the TBC failure. However, there are still a series of problems that should be addressed. For example, the uniaxial compression test of the TBC does not satisfy the assumption of circular blister buckling [36,37], the effect of the initial residual stress in the YSZ is not considered in the calculation [7], and the visually determined critical strain for the compression spalling of the coating may not be reliable enough [31].



In view of the above problems, this study took an EB-PVD TBC as the research object to investigate the feasibility of evaluating the interfacial damage in the coatings by the critical compressive strain inducing the TBC spallation at room temperature. Through theoretical analysis combined with high precision non-contact optical measurement, quantitative characterization of the interfacial damage based on the uniaxial compression testing was further developed and experimentally verified to obtain the evolution of the TBC damage under different loading conditions and to provide basic data for damage mechanism analysis and lifetime modeling of TBC.




2. Quantitative Characterization of Interfacial Damage in TBC


The spallation process of the EB-PVD TBC can be generally divided into four stages [8,34,38], as shown in Figure 2I microcracks initiate and propagate at the interface under the combined action of stress and strain cycles in the coating, and the growth of TGO; Figure 2II adjacent microcracks gradually coalesce, causing interfacial delamination, i.e., the YSZ and the BC layer debond locally; Figure 2III when the interfacial delamination reaches a certain size, the debonded YSZ which may be accompanied by TGO buckles from the BC under the compressive thermal mismatch stress, which specifically manifests as the occurrence of “blisters” [39], and (IV) as the delamination size or compressive stress further increases, the buckling zone destabilizes and expands, leading to large spallation of the coating, or the brittle fractures of the YSZ due to excessive bending deformation [36,37]. The compressive thermal mismatch stress to which the YSZ and the TGO are subjected gradually increases with the decreasing temperature, which is the main reason that TBC spallation frequently occurs during cooling [40,41]. To obtain conservative results for the engineering design, the buckling of the YSZ is used as an indicator of TBC failure. Considering that the thickness of the coating, (i.e., the out-of-plane dimension) is much smaller than the in-plane dimensions and that the coating is mainly subjected to in-plane stress and strain during service, the TBC spallation can be simplified to an elastic buckling problem of a thin plate in compression.



To solve the above buckling problem, Courcier et al. [34] first introduced the concept of an “equivalent delaminated area” at the ceramic–metal interface, i.e., it is assumed that the microcracks including defects at the interface are mechanically equivalent to a circular surface crack with the normal in the out-of-plane direction. In this way, the locally debonded YSZ can be considered to be a circular plate prone to buckling, as shown in Figure 3a. When subjected to thermal mismatch stress, the YSZ is approximately in an in-plane equibiaxial stress state. Therefore, the critical compressive stress Equation (1) of the classical circular blister buckling [34,42] can be used to describe the buckling of the YSZ in compression.


   σ  c r i t   = 1.2235      E 1    1 −  υ 1 2       (   h R   )   2   



(1)




where    σ  c r i t       is the critical compressive stress (taken as its absolute value) as the ceramic layer begins to bulk,    E 1    and    ν 1      are the in-plane elastic modulus and Poisson’s ratio of the ceramic layer, respectively;  h  is the thickness of the ceramic layer, and  R  is the radius of the circular equivalent delaminated area. The pattern and number of microcracks generated at the coating interface vary with loading conditions, i.e.,  R  is related to the loading history.



Since the interfacial bond strength of the coating depends on the effective bearing area at the ceramic–metal interface, Courcier [34] defined the interfacial damage  D  as the percentage increase in the area of the equivalent delaminated area at the current time relative to the initial area in the as-deposited TBC, the functional relationship between the critical compressive stress and the interfacial damage can be obtained as follows [34]:


   σ  c r i t   = 1.2235      E 1    1 −  υ 1 2       (   h R   )   2   (  1 − D  )   



(2)







According to Equation (2), a gradually increasing compressive loading can be applied to the coating to activate the buckling of the YSZ to measure the critical compressive stress    σ  c r i t    , thereby enabling the quantification of interfacial damage [34]. It should be noted that    σ  c r i t     is the stress in the equibiaxial stress state. However, in most of the previous studies, the axial compression tests of the coated specimens were conducted, and the uniaxial stresses were considered as    σ  c r i t     [31,34,35,43,44]. Due to the Poisson’s ratio of the substrate, the coating is subjected to axial compression and transverse tension, and hence, the equibiaxial stress state assumed by the above circular blister buckling is no longer valid. In addition, the test results indicate that, in addition to circular blister buckling [35,39,41,45], the coating may exhibit a phenomenon similar to straight-sided blister buckling at certain locations, (e.g., the edges) of the specimen [46,47,48,49,50,51].



For straight-sided blister buckling, assuming that the equivalent delaminated area is a rectangular surface crack with a length much larger than the width (denoted as 2b), the locally debonded YSZ can be considered to be a long and narrow plate that is prone to buckling with long sides subjected to uniform compressive stress, and the critical compressive stress for buckling [42] is


   σ  c r i t   =    π 2      12      E 1    1 −  υ 1 2       (   h R   )   2   



(3)







In fact, the buckling mode of the TBC is between circular blister buckling and straight-sided blister buckling. Comparing Equations (1) and (3), it is assumed that the critical compressive stress for the coating buckling satisfies the following equation


   σ  c r i t   = 1.2235    E 1   h 2    1 −  υ 1 2     α   l 2     



(4)




where  α  is a coefficient associated with the buckling mode and  l  is the characteristic size of the equivalent delamination area.   α = 1   and   l = R   for circular blister buckling,   α = 0.67225   and   l = b   for straight-sided blister buckling.



As mentioned earlier, the interfacial damage is closely related to the decrease in the spalling resistance between the YSZ and the BC. Hence, the interfacial damage is directly defined in this study as the percentage decrease in the spalling resistance in the current state relative to the initial spalling resistance in the as-deposited TBC:


  D =    σ  c r i t , 0   −  σ  c r i t      σ  c r i t     = 1 −    l 0 2  /  α 0     l 2  / α    



(5)







Considering that the coating is mainly subjected to in-plane stress in the XY plane and is approximately in a plane stress state, the compressive stress    σ y    acting on the YSZ is determined by the constitutive relationship as


   σ y  =    E 1    1 −  υ 1 2     (   ν 1   ε x  +  ε y   )   



(6)







In the axial compression test as shown in Figure 4, the strain of the YSZ is composed of two parts: the initial residual compressive strain of the YSZ,    ε R    [43,44], which is equal in all in-plane directions and caused by the coating preparation process, and the strain generated by the externally applied mechanical loading [31,34,35]. Under an applied axial compressive strain of    ε A   , the strain of the YSZ is determined as follows according to the deformation compatibility between the substrate and the coating [36]:


    ε x  =  ε R  −  ν s   ε A         ε y  =  ε R  +  ε A    



(7)




where    ν s    is the Poisson’s ratio of the substrate. According to Equations (6)–(10), the interfacial damage can be expressed as:


  D = 1 −    (  1 +  ν 1   )   ε R  +  (  1 −  ν 1   ν s   )   ε  c r i t   A , 0      (  1 +  ν 1   )   ε R  +  (  1 −  ν 1   ν s   )   ε  c r i t   A , 0      



(8)




where    ε  c r i t  A    is the critical compressive strain applied on the TBC when buckling occurs and    ε  c r i t   A , 0     is the critical compressive strain corresponding to the as-deposited coating. As seen in Equation (8), the interfacial damage equation does not explicitly include  α  or  l , that is, there is no direct correlation between the calculated interfacial damage and the adopted buckling mode assumption.



When the interfacial damage reaches a certain value    D  s p a l l    ,    ε  c r i t  A    is 0, and the YSZ buckles under its residual strain    ε R   :


   D  s p a l l   = 1 −    (  1 +  ν 1   )   ε R     (  1 +  ν 1   )   ε R  +  (  1 −  ν 1   ν s   )   ε  c r i t   A , 0      



(9)







The above equation indicates that the coating will spall spontaneously the next time it is cooled to room temperature and can be used to determine whether the remaining life of the TBC has been exhausted. Due to the influence of the initial residual strain introduced in the calculation, the interfacial damage threshold corresponding to TBC spallation    D  s p a l l     in this study is less than 1, which is different from those in other damage theories [26,34,52,53,54]. The initial residual strain    ε R    is the average value in the thickness direction of the YSZ and can be estimated by the thermal expansion mismatch strain in Equation (10) [52] or measured by synchrotron X-ray diffraction [55].


   ε R  =  [   α s   (   T  p r o    )  −  α 1   (   T  p r o    )   ]   (   T  p r o   −  T  r e f    )   



(10)




where    α s   (   T  p r o    )    and    α 1   (   T  p r o    )    are the thermal expansion coefficients of the substrate and YSZ at temperature    T  p r o    , respectively;    T  p r o     is the initial stress-free temperature of the TBC system, which is usually taken as the coating deposition temperature; and    T  r e f     is the temperature at which the coating compression testing is performed, which is generally room temperature. The above equations provide the theoretical basis for the quantitative characterization of the interfacial damage of TBC.




3. Tests and Measurements


3.1. Materials and Specimens


Based on the method mentioned above, the axial compression tests of the nickel-based single crystal superalloy PWA1484 specimens with EB-PVD TBC after undergoing various thermal loads were performed to measure the interfacial damage evolution. As shown in Figure 5, EB-PVD TBC was deposited on the second-generation nickel-based single crystal superalloy PWA1484, whose composition is shown in Table 1. The crystallographic orientations of specimens are determined by the X-ray Laue back-reflection technique and the maximum deviation of the rod axis within 10° of orientation deviation to the main axis direction [001] were selected as the qualified products. After wet sandblasting with corundum particles with a diameter between 100 μm and 125 μm under 0.2 MPa air, cleaning, and drying, the bonding coat with the composition of NiCrAlYSi, as shown in Table 2, is deposited by the EB-PVD process with a thickness of not less than 30 μm. After the single crystal specimens with BC were subjected to vacuum heat treatment at 1000 °C for 4 h, they were shot-peened using glass pills with a diameter between 150 μm and 300 μm under the 0.3 MPa air, and then heat-treated at 1000 °C for 2 h in a vacuum. Then, following the same cleaning process, the TC of 8YSZ (8% Y2O3 + ZrO2) with a thickness of not less than 100 μm is deposited by the EB-PVD process in the laboratory of high-temperature structural materials and coating technology of Beihang University.




3.2. Test Schemas and Instruments


The schemas of the experiments performed on the specimens with EB-PVD TBC and the quantitative characterization of damage in TBC is shown in Figure 6. Firstly, through the QSX1600 muffle furnace, the isothermal oxidation test was carried out under 1050 °C, and the thermal fatigue test was performed with a maximum temperature of 1050 °C, as shown in Figure 7a. Note that each cycle included heating for 10 min followed by air cooling for 10 min, as shown in Figure 7b.



After experiencing specific oxidation hours or thermal cycles, the specimens with EB-PVD TBC were removed and cooled to room temperature and then conducted the compression test at room temperature using an MTS809 testing machine to investigate the toughness of interfacial between the ceramic and the metal. To compare the interfacial damage under thermal loadings, the thickness of TGO was obtained by SEM.




3.3. Measurements and Determination of the Critical Compressive Strain


The critical compressive strain of the TBC is a key parameter for the measurement of interfacial damage, and there are two major challenges to accurately determining it. One is the extraction of the coating surface strain. Extensometers have been used in most previous studies to record the macroscopic strain history of specimens within the gauge distance [29,34,35]. Since the stiffness of the substrate is much higher than that of the coating, the compression loading is mostly taken by the substrate, and the randomness in the orientation and mechanical properties of single crystal superalloy cause errors in the critical compressive strain measurement of the TBC. In addition, for the hourglass specimens used in this study, the coating buckling occurs locally, and the extensometer fails to achieve the fine measurement of local strain. Strain gauges would lead to changes in the stiffness of the YSZ and affect the spalling process and hence are also not applicable. The second challenge is to determine the onset of TBC spalling. At present, visual inspection or a charge-coupled device (CCD) camera is commonly used, and the presence of obvious “blisters” and fracture of the coating is taken as the criterion. The above theoretical analysis shows that    ε  c r i t  A    essentially corresponds to the onset of buckling of the YSZ when the out-of-plane displacement is not yet obvious. The critical compressive strain obtained by the conventional methods is random and faces difficulties in meeting the accuracy requirement of interfacial damage quantification.



To address the above problems, this study introduces the digital image correlation (DIC) method for real-time, noncontact, full-field dynamic strain measurement of the compression spalling of coatings. The principle of DIC testing is performed with the following specific steps, as shown in Figure 8I speckles are sprayed on the TBC-coated specimen to mark the locations of different points on the surface, and the internal parameters of the two cameras are calibrated; Figure 8II the motion of the speckles is recorded in real time with the calibrated cameras during the specimen compression, and Figure 8III based on the principle of computer stereo vision, speckle image sequences from the same time and different viewing angles are used to determine the displacement and strain of the coating surface using an image matching algorithm [56].



The DIC testing results showed that a horizontal or inclined surface strain concentration zone appeared in the middle of the specimen before the macroscopic spallation of the TBC that was basically consistent with the final spallation zone. There was a significant abrupt change in the slope of the surface compressive strain in this zone (Figure 9), and the time that the abrupt change occurred was consistent with that of the strain concentration zone (163 s). Considering that the displacement loading rate of the testing machine remained constant, the abrupt change in the surface compressive strain could be attributed to two factors: the incompatible deformation of the YSZ and the substrate, i.e., buckling and “blistering”, or the plastic deformation caused by the activation of the slip system of the single crystal superalloy substrate.



After the substrate entered the plastic regime, its resistance to deformation decreased, i.e., the slope of the compression–time curve of the specimen decreased, as shown in Figure 9, corresponding to a time of 187 s. The above results indicated that the substrate remained elastic for a period of time after the abrupt change in the slope of the surface compressive strain of the coating. Therefore, this study used the abrupt change in the slope of the surface compressive strain as the criterion for the onset of coating spalling, and the maximum absolute compressive strain corresponding to this time was extracted in the spallation zone as the critical compressive strain of the coating (   ε  c r i t  A   ).



Since the surface compressive strain at each point in the spallation zone generally exhibited a bilinear pattern, we adopted the following approach to extract the strain: A piecewise linear fitting was performed on the surface compressive strain evolution curve for the spallation zone, then the intersection of the two fitted straight lines was taken as the critical point at which the coating started to buckle, and the corresponding strain was    ε  c r i t  A   . Additionally,    ε  c r i t  A    was taken as 0 for the specimens that TBC spalled spontaneously as shown in Figure 10.



TGO thickness is another key parameter that needs to be measured. In this study, SEM and image processing were combined to identify the TGO profile based on the difference in the grayscales of the boundaries of the top coat, TGO, and BC layer in the SEM image [19,57,58]. The difference between the ordinates of the upper and lower boundaries of the profile was used as the TGO thickness. At least 100 TGO thickness measurement points were considered for each specimen, as shown in Figure 11.





4. Analysis and Discussion


The evolution of the measured critical compressive strain for the TBC spallation is shown in Figure 12.    ε  c r i t  A    showed a decreasing trend with increasing isothermal oxidation time  t  and number of thermal cycles  N , indicating that the interfacial bond strength decreased progressively under the action of TGO growth as well as the stress and strain cycles in the TBC. Based on the above results, the interfacial damage was calculated using Equations (8)–(10), with the relevant parameters in Table 3.



Figure 13 shows that the coating interfacial damage    D t    produced by the isothermal oxidation experiments exhibited a power-law relationship with the oxidation time  t  with a damage equation exponent of 2.17539, indicating that the damage rate increased gradually with the oxidation time. For the thermal fatigue experiments, there was an approximately linear relationship between the interfacial damage    D N    and the number of thermal cycles  N , and the damage rate remained basically constant.



The evolution of the TGO thickness also exhibited a power-law trend (Figure 14), and the exponent of the TGO thickness growth curve was basically the same under the two test conditions. In the thermal fatigue experiments, the approximate hot time at 1050 °C for one cycle was 1/6 h. It was found that the regression curve of the TGO thickness for the thermal fatigue test basically coincided with the isothermal oxidation result, indicating that the stress–strain cycles in the coating caused by thermal fatigue did not significantly change the growth of the TGO thickness. Therefore, we selected the TGO thickness as a benchmark to comparatively analyze the interfacial damage generated under different thermal conditions in a unified coordinate system.



The correlation between interfacial damage and TGO thickness is shown in Figure 15. The two exhibited a power-law relationship in both isothermal oxidation and thermal fatigue experiments. With the same TGO thickness, the damage caused by the thermal fatigue was greater than that by the isothermal oxidation, indicating that thermal fatigue caused additional damage, which was mechanically driven and caused by the stress–strain cycles in the coating. This additional damage is denoted as    D  c y c     in this study. The damage caused by the TGO growth was oxidatively driven and is denoted as oxidative damage    D  o x    . Since the isothermal oxidation experiments involved only one thermal cycle, the mechanically driven damage generated was considered negligible, so    D t  ≈  D  o x    .



Considering the coupling oxidative–mechanical effect, it is assumed that the total damage generated at the coating interface in the thermal fatigue experiments accumulates according to the following relationship:


   D N  =  D  o x   +  D  c y c   + k  D  o x    D  c y c    



(11)




where  k  is a coefficient that characterizes the interaction between oxidatively driven damage and mechanically driven damage. When   k = 0  , the two damage components accumulate linearly with no interaction; when   k < 0  , the total damage at the interface is less than the sum of the oxidatively driven damage and mechanically driven damage; when   k > 0  , the oxidatively driven damage and mechanically driven damage are coupled to generate more damage. Without loss of generality, k is assumed to be 0, −1 and 1 herein, respectively, to explore the effect of k on the mechanically driven damage of TBC.



Using Equation (11), the interfacial damage induced by thermal fatigue is decoupled, as shown in Figure 16. In particular, the oxidatively driven damage has a power-law relationship with the TGO thickness, and the damage rate increases gradually with the oxidation time, while the evolution of the mechanically driven damage is closely related to value of the coefficient  k . With   k = 0   and   k = 1  , the calculated    D  c y c     first increases and then decreases, and the peak of the damage corresponds to a TGO thickness of approximately 2.1 μm, while with   k = − 1  ,    D  c y c     increases continuously with increasing TGO thickness. From a thermodynamic perspective, the interfacial damage in the coating is an irreversible process of increasing entropy, and    D  c y c     should not decrease as the TGO thickness or the number of thermal cycles increases. In addition, a decrease in    D  c y c     implies the abnormal healing of interfacial microcracks, which has not been revealed by the available results from the thermal fatigue test of the coating. Therefore, there should be a negative interaction between oxidatively driven damage and mechanically driven damage. One possible explanation is the evolution of the interface morphology [45,59] as shown in Figure 17. Under thermal fatigue loading, as the TGO thickness increases, the original relatively flat TGO gradually distorts and rumples, and the rumpling of the TGO simultaneously releases part of its stored elastic strain energy [20], causing a redistribution of stresses near the interface and thereby slowing the damage accumulation to some extent.




5. Conclusions


	
The interfacial damage of TBC can be expressed as a function of the critical compressive strain inducing the coating spallation at room temperature and the initial residual strain as well as the thickness of the YSZ and the elastic constants of the coating. The presence of the initial residual strain causes the interfacial damage threshold corresponding to coating spallation to be less than 1. The decrease in the residual spalling resistance is used to define the interfacial damage, and there is no direct correlation between the derived interfacial damage equation and the adopted buckling mode assumption.



	
The residual spalling resistance of the coating under different thermal loads can be characterized in a unified manner by the critical compressive strain. The abrupt change in the slope of the surface compressive strain of the coating due to the onset of TBC buckling can be used as a criterion in conjunction with DIC noncontact strain field testing technology to achieve accurate extraction of the critical compressive strain. The critical compressive strain gradually decreases with increasing isothermal oxidation time and the number of thermal cycles, indicating that the interfacial bond strength decreases progressively due to TGO growth as well as stress and strain cycles in the coating, i.e., interfacial damage accumulation.



	
The interfacial damage of TBC produced by the isothermal oxidation experiments exhibits a power-law relationship with the oxidation time, and the damage rate increases gradually with the oxidation time, while the interfacial damage produced by the thermal fatigue experiments is approximately linearly related to the number of thermal cycles, and the damage rate remains constant. The interfacial damage is linked to the TGO thickness through a power law under the two test conditions. In addition, with the same TGO thickness, the interfacial damage caused by the thermal fatigue experiments is greater than that caused by isothermal oxidation, indicating that the stress–strain cycles in the coating caused additional mechanically driven damage.



	
The total damage generated at the coating interface can be divided into three parts: the oxidatively driven damage related to the growth of TGO, the mechanically driven damage linked to the stress–strain cycles in the coating, and their interaction. The available results show that the interaction term between oxidatively driven damage and mechanically driven damage should be taken as a negative value, i.e., the total interfacial damage in the thermal fatigue experiments is smaller than the sum of the oxidatively driven damage and mechanically driven damage. The evolution of the interface morphology caused by TGO growth and rumpling under thermal fatigue loading may be one of the reasons for the above phenomenon.
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Figure 1. Typical thermal barrier coating system and its application in aeroengines. 
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Figure 2. Four stages during the spalling of EB-PVD thermal barrier coating: (I) microcracks initiate and propagate at the interface; (II) interfacial delamination due to adjacent microcracks coalesces; (III) the debonded YSZ buckles from the BC; (IV) the spalling or brittle fractures of the YSZ due to excessive bending deformation. 
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Figure 3. Schematic of the buckling of ceramic layers under compressive loading: (a) the axisymmetric blister; (b) the straight-sided blister. 
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Figure 4. Schematic of coating loadings under the axial compression test. 






Figure 4. Schematic of coating loadings under the axial compression test.



[image: Coatings 12 00984 g004]







[image: Coatings 12 00984 g005 550] 





Figure 5. Hourglass specimens with EB-PVD TBC. 
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Figure 6. Schemas of the experiments and quantitative characterization of damage in TBC. 
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Figure 7. Schemas of thermal loadings in the test: (a) isothermal oxidation loading and (b) thermal fatigue loading. 
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Figure 8. Schemas of DIC method: (I) spray speckles on the specimen to mark locations and calibrate parameters; (II) record the speckles’ motion in real time with calibrated cameras; (III) determine the displacement and strain of the coating surface using the image matching algorithm. 
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Figure 9. The variation of compressive strain distribution on the surface of TBC obtained by DIC. 
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Figure 10. Spontaneous spalling of the coating after 783 thermal cycles, caused by the residual strain of the ceramic layer itself with approximate straight-side blister buckling mode. 
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Figure 11. The extraction process of TGO thickness using SEM: (a) SEM image of TBC interface, (b) TGO contour is extracted according to the sudden change of gray level on the boundary, and (c) TGO upper and lower boundary coordinates are extracted to calculate TGO thickness. 
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Figure 12. Evolutions of the critical compression strain with thermal loads. 
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Figure 13. Evolutions of the interfacial damage with thermal loads. 
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Figure 14. Evolutions of the TGO thickness with thermal loads. 
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Figure 15. Correlation between interface damage and TGO thickness. 
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Figure 16. Decoupling of interfacial damages due to thermal fatigue. 
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Figure 17. Evolution of the interface morphology with thermal cycles. 
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Table 1. The composition of substrate with PWA1484.
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	Co
	Cr
	Mo
	W
	Ta
	Re
	Ti
	Al
	C
	Ni





	10
	5
	1.7
	6
	8.5
	3
	1
	5.5
	0.02
	Bal
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Table 2. The composition of bond coating with NiCrAlYSi.
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	Cr
	Al
	Y
	Si
	Cu
	Fe
	Ni





	15–20
	10–15
	0.2–1.0
	0.6–1.2
	≤0.05
	≤0.5
	Bal
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Table 3. Parameters in the equation of interfacial damage.
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	   h   
	     ν 1     
	     ν s     
	     T  p r o      
	     T  r e f      
	     α 1     
	     α s     





	100 μm
	0.1
	0.42
	1000 °C
	20 °C
	10.33 × 10−6
	15 × 10−6
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